The objective of this study is to evaluate the structural, thermal, and electrical properties of multiwalled carbon nanotubes (MWNT) hybridized with silver nanoparticles (AgNP) obtained via chemical reduction of aqueous silver salt assisted with sodium dodecyl sulphate (SDS) as stabilizing agent. Transmission electron microscopy (TEM) reveals microstructural analysis of the MWNT-Ag hybrids. The Fourier transform infrared (FTIR) spectra prove the interactions between the AgNP and carboxyl groups of the MWNT. Raman spectra reveal that the D-to G-band intensity ratios D / G and D / G increase upon the deposition of AgNP onto the surface of the MWNT. Thermogravimetric analysis (TGA) shows that the MWNT-Ag hybrids decompose at a much faster rate and the weight loss decreased considerably due to the presence of AgNP. Nonlinearity of current-voltage ( -) curves indicates that electrical transport of pristine MWNT is enhanced when AgNP is induced as charge carriers in the MWNT-Ag hybrids. The threshold voltage th value for the MWNT doped with a maximum of 70 vol% of AgNP was substantially reduced by 65% relative to the pristine MWNT. The MWNT-Ag hybrids have a favourable electrical characteristic with a low threshold voltage that shows enhancement mode for field-effect transistor (FET) applications.
Introduction
Studies on carbon nanotubes (CNT) have grown rapidly since their discovery by Iijima in 1991 [1] . CNT are composed of graphene layers which are rolled up cylindrically and the diameter of these nanomaterials is within the nanometre scale. CNT consist entirely of sp 2 carbon-carbon bonds and they possess unique structural, mechanical, electronic, and optical properties [2] [3] [4] .
Metal nanoparticles (NP) are an emerging class of compounds with unique properties and they are remarkably different compared to their bulk materials. Examples of metal NP include gold (Au), palladium (Pd), platinum (Pt), and silver (Ag) NP [5] . Detailed studies have been carried out in recent years to integrate the properties of CNT and NP due to their potential applications. This integration has created a new class of hybrid materials that exhibit mixing characteristics at the microscopic level with unique properties that are comparable to the nanocomposites. In addition, CNT possess high aspect ratios because of their smaller diameters and longer lengths, and this makes it possible to functionalize CNT as templates for NP assemblies as well as enhance their properties [2] .
Among the various metal NP, silver nanoparticles (AgNP) have been proven to have excellent properties which make them desirable for use in biosensors [6] , catalysts [7] , antimicrobial agents [8] , optical limiters [9] , metal adsorbents [10] , and advanced composites [11] . One of the major applications of CNT is as active elements in field-effect transistors (FETs) [12, 13] . According to Bonard et al. [12] , the threshold voltage ( th ) of CNT-based field emitters can reach as low as 4.6 V, unlike diamond-based ones which have a threshold voltage 40 V. For this reason, it is indeed appealing to integrate CNT with metal NP in order to produce CNT-based field emitters 2 Journal of Nanomaterials with lower threshold voltages and higher amplification factors [14] .
There are various techniques used to synthesize CNTAg hybrids such as dry and wet chemistry methods. Dry methods are accomplished by physical vaporization of solid precursor materials, producing charged AgNP. These charged AgNP are then directly assembled onto the outer CNT surface. Examples of dry methods are vapor deposition [9] , thermal decomposition [15] , gamma irradiation [16] , and electrostatic force directed assembly (ESFDA) [17] . However, wet chemistry methods are commonly used to deposit AgNP onto the CNT surface since they are fast and relatively inexpensive compared to other NP synthesis methods. In addition, wet chemistry methods provide ease of control over the dimension, morphology, and size distribution of AgNP [18] . Wet chemistry methods generally involve chemical reduction of Ag salt precursors in the presence of CNT and the AgNP are then deposited directly onto the functionalized surface [19] [20] [21] . Alternatively, the AgNP can be preformed as metal colloids and then grafted onto the CNT surface by covalent bonding through organic fragments [22] .
Interactions between the AgNP and the CNT surface may occur through strong covalent bonds or weak intermolecular bonds such as -stacking, hydrophobic interactions, hydrogen bonds, or electrostatic attraction [23] . CNT are by nature hydrophobic and they tend to self-aggregate due to strong van der Waals forces. Hence, surface modification of CNT through functionalization is commonly required to promote several active groups (i.e., -OH, -C=O, -C-O, and -COOH) on the sidewalls of the nanotubes. This, in turn, enhances the binding mechanism between the metal NP and the CNT surface [24] . However, it shall be noted that functionalization of CNT using strong oxidation treatments results in severe structural damage which may affect some properties of the CNT [25] . Despite the technological advancements in materials science over the years, it is still challenging to devise a suitable method to deposit AgNP onto the CNT surface with fewer defective structures. In addition, the weak interaction between the AgNP and the CNT surface as well as agglomeration of the AgNP results in only a few AgNP being deposited onto the CNT surface [2, 11, 26] .
In this work, MWNT-Ag hybrids are synthesized through a simple reduction method, whereby N,N-dimethylformamide (DMF) and sodium dodecyl sulphate (SDS) are used as the reducing agent and surfactant, respectively. Following this, the structural, morphological, thermal, and electrical properties of MWNT-Ag hybrids are examined using various characterization techniques.
Materials and Methods

Materials.
MWNT (purity > 95 wt%) were purchased from Legend Star International Co., Ltd., Taiwan, whereby the outer diameter and length of the MWNT are within a range of 20-30 nm and 10-30 m, respectively. The silver nitrate (AgNO 3 , 0.1 mol/L), sodium dodecyl sulphate (SDS), and N,N-dimethylformamide (DMF) were purchased from a local supplier, R&M Chemicals.
Synthesis of MWNT-Ag Hybrids.
Firstly, the MWNT were functionalized using nitric acid (HNO 3 , 65%), followed by hydrogen peroxide (H 2 O 2 , 30%). Following this, 1 g of MWNT was treated with 100 mL of HNO 3 in an ultrasonic bath for 30 min. The MWNT + HNO 3 mixture was then diluted with deionized water and filtered through the polycarbonate membrane. The filtered product was washed with deionized water several times until the pH value becomes neutral. The steps were repeated by substituting the solvent with H 2 O 2 . The carboxylic acid-functionalized MWNT (MWNT-COOH) solids obtained were then dried in a laboratory oven set at 60 ∘ C for 24 h. The AgNP formed on the MWNT surface by the reduction of Ag + from the silver salt (AgNO 3 ) in the presence of MWNT. In this work, 0.5 g of functionalized MWNT and 0.2 g of sodium dodecyl sulphate (SDS) were added into 250 mL of N,N-dimethylformamide (DMF). The mixture was then ultrasonicated for 30 min. The solution was then heated to 80 ∘ C, followed by the addition of AgNO 3 (0.1 mol/L) at different volumes such that the concentration of Ag to C was 10, 30, 50, and 70 vol%. The hot solution was stirred continuously for 1 h and left to cool to room temperature for 24 h. The product was then filtered and washed with ethanol, water, and acetone several times. Finally, the MWNT-Ag powders obtained were dried at 60 ∘ C for 24 h.
Characterization of MWNT-Ag Hybrids.
Field-emission scanning electron microscope (JEOL, JSM 7600-F) was used to examine the surface morphology of the MWNTAg hybrids whereas elemental analysis was carried out using energy dispersive X-ray spectrometer (EDX). The size and structure of the samples were analysed using transmission electron microscope (JEOL, JEM 2100-F). The samples were ultrasonically dispersed in deionized water and the nanotube suspension was then dropped once onto a copper grid and dried at room temperature for three days. The Fourier transform infrared spectrometer (Perkin Elmer, Spectrum 400 WA) was used to record the FTIR spectra of the MWNT-Ag hybrids within a wavenumber range of 400-4000 cm −1 with a scan rate of 16 cm −1 /min. MicroRaman spectrometer (HORIBA Scientific, JOBIN YVON) was used to characterize the vibrational properties and structural changes of the CNT in the presence of AgNP. The spectrometer is equipped with a CCD detector and a solid state excitation green laser with an excitation wavelength of 532 nm. The acquisition time was set at 30 s for at least two cycles.
Thermogravimetric analyser (Mettler Toledo, SDTA851e) was used to evaluate the thermal stability of the samples in an air atmosphere. Approximately 10 mg of dry samples was added into an aluminium pan and the test was carried out at a heating rate of 10 ∘ C/min within a temperature range of 40-1000 ∘ C. Potentiostat/galvanostat instrument (Metrohm Autolab, NOVA) was used to measure the current-voltage ( -) characteristics of the samples. The parameters were adjusted using the linear sweep voltammetry (LSV) staircase command dialog boxes with a scan rate of 0.05 V/s and step Journal of Nanomaterials It can be observed that MWNT are much bent with increasing AgNP assembled onto the nanotube surface due to the presence of defect in the graphitic network. The more AgNP produced also have a high tendency to aggregation and growth to the formation of Ag clusters due to its steric effect [27] . This circumstance captivated the MWNT that have been much kinked to accumulate around the NP due to insufficient debundling power of anionic surfactant to disperse individual nanotubes because of its high van der Waal attractions. It seems that there was inadequate amount of SDS for 50 and 70 vol% agNP to be used as stabilizer and adsorbed onto the MWNT when the concentration of Ag is high enough but the concentration of SDS remained same. In addition, mild oxidation treatment based on sonicating the MWNT in HNO 3 followed by H 2 O 2 might limit the formation of carboxylic groups on the MWNT surface [25, 28] .
Some of the AgNP are isolated around the nanotubes probably due the homogeneous nucleation of NP which later grow to larger aggregated NP. The addition of SDS is required to support the heterogeneous nucleation for fine NP dispersion nucleated onto the functionalized MWNT surface [23] . The interactions between carboxyl groups and the Ag cations (Ag + ) resulted in self-assembly of AgNP onto the functionalized MWNT. The self-assembly process involved the electrostatic interactions between SDS molecules with Ag + to obtain positively charged Ag-SDS nanoparticles, which assembled with negative charge from carboxylic groups created on sidewalls of the nanotubes. This can be illustrated as in Figure 3 which shows the mechanism for direct deposition of AgNP onto the surface of the MWNT. However, the adsorption of ionic surfactant much depends on the amount of purification and functionalization of the nanotube surfaces. The AgNP also can be nucleated via precipitation with functionalized CNT without addition of ionic surfactant, but strong chemical oxidation can cause severe damage to the nanotube structure [24] . The drawback of severe CNT damage can limit their great potential as electrical reinforcement. Instead, the adsorption of the SDS molecules also may occur without functionalization of the nanotubes. The decoration of AgNP is attained from supramolecular self-assembly of the SDS molecules onto the surface of the nanotubes. It is promoted through electrostatic interactions between the hydrophobic linear chains of the SDS molecules and the sidewalls of the nanotubes [29] . Figure 4 shows the FTIR spectra of pristine MWNT and MWNT-Ag hybrids with 10, 30, 50, and 70 vol% of AgNP. Figure 4(a) shows the presence of characteristic peaks within a wavenumber range of 1100-1380 cm −1 which are attributed to C-C stretching band of pristine MWNT [25] . The appearance of prominent peaks centred at 1720 cm −1 and 1170 cm −1 are attributed to C=O and C-O bands, respectively, which are arising from the carboxylic functional groups [30] [31] [32] . The characteristic peaks at 2380 cm −1 are associated with the O-H bending deformation mode from the hydrogen bonds of the carboxylic groups. The presence of these peaks indicates that some oxygenated groups have been introduced to the nanotube walls, which may serve as nucleation sites for the reduction of Ag ions (Ag + ). The other characteristic peaks which appear at a wavenumber of 760 cm −1 correspond to -CH 2 rocking [33] . It can be seen from the FTIR spectra of the MWNTAg hybrids (Figure 4(b-e) ) that the transmittance intensity decreases for C-O, C=O, and O-C=O upon the addition of AgNP. This suggests that the AgNP are attached to the surface of the MWNT via carboxylic groups and/or they physically stick to the surface via van der Waals forces, weak intermolecular interactions such as -stacking, and/or electrostatic attractions [23] . These results confirm the attachment of AgNP onto the surface of the MWNT. The broad peaks centred at 3350 cm −1 are attributed to the presence of the hydroxyl (-OH) group due to the interactions between the -OH group and AgNP as well as other functional groups on the surface of the MWNT [24] . Thus, C-O-Ag and O=C-O-Ag bonds are formed after removal of H 2 O. The existence of small peaks at 1460 cm −1 is due to the interaction of carbon with AgNP. This results in C=C stretching even though the intensity of the C=C bond of the MWNT is previously weakened by nitric acid treatment [26] . Figure 5(a)(A-E) shows the Raman spectra of pristine MWNT and MWNT-Ag hybrids with different volume fractions of AgNP, and it can be observed that there are two prominent features (D-and G-bands) at 1340 and 1580 cm −1 , respectively. The D-band is attributed to the vibrational mode which originates from the disordered structure of graphite, whereas the G-band is attributed to the tangential radial mode of sp 2 bonded carbon atoms in graphite [34] . It is apparent that the intensity of the D-band is higher than that of the G-band in pristine MWNT, indicating the existence of a more disordered structure in the nanotubes.
FTIR Analysis.
Raman Analysis.
The D-and G-bands of MWNT-Ag hybrids are considerably broader than pristine MWNT due to the assembly of AgNP with different sizes and distribution that is modulating the microenvironment of the MWNT to be more diverse [8] . In addition, the peaks broadening of MWNTAg hybrids suggests that the deposition of AgNP ensures the occurrence of charge-transfer from the silver ions to the MWNT. This interaction is enhanced through hydrophobic interaction with SDS molecules that cause a substantial change in electronic density state of the nanotubes [29] . The D-to G-band intensity ratio ( D / G ) for pristine MWNT is 1.34, indicating a typical value of nanotubes having a more disordered graphite structure. In fact, the D / G value of MWNT-Ag hybrids increases with an increase in the volume fraction of the AgNP. This indicates that the deposition of AgNP creates defects such as non-sp 2 carbon dangling bonds in the MWNT structures [35] . The increase of intensity of D-band is associated with the presence of relatively small intensity of D peaks that appear as a shoulder on the right side of the G peak due to the increase of disorder graphite structure. Figure 5(b) shows the linear dependence between D / G and D / G because the D / G ratio also increases by adding more AgNP with MWNT. Considering the G as constant, the D and D intensities are found to proportionally increase with the amount of defects created in sp 2 carbon hybridized with AgNP. However the proportionality factor may vary depending on the different type of defects present in the nanotube structures. This is in agreement with work done by Eckmann et al. who extracted in detail the nature of defects in graphene by Raman spectroscopy [36] . The presence of G -band or 2D-band at 2670 cm −1 is due to the two-phonon scattering which is sensitive to the defect density and purity of the MWNT [37] . The intensity of the G -band also evolves from metallicity enriched within the nanotubes [38] . The interaction of AgNP with MWNT may induce a slight increase in its metallicity. It suggests that when one Ag atom is replacing C atom of a graphene sheet, it creates an interaction with a few electronic levels close to the Fermi energy of metallic behaviour. In this case, the Ag atom acts as an electron donor that could increase metallicity of the nanotubes. It follows the same theory applied when Nickel nanoparticles decorated CNT [39] . Figure 6 shows the TGA curves of pristine MWNT and MWNT-Ag hybrids with different volume of AgNP. The initial weight loss for all samples occurring in the range of 30-90 ∘ C is due to water removal at ambient temperature, followed by gradual weight loss within a temperature range of 90-480 ∘ C due to physical damage resulting from the carbon content. It can be seen from the TGA traces that the change in weight loss is rather drastic within a temperature range of 480-950 ∘ C. As we can observe, the MWNT-Ag hybrids showed decomposition at a lower temperature compared to the pristine MWNT. In fact, the MWNT-Ag hybrids yield increasing residual mass with an increase of AgNP presence in the MWNT hybrids. Therefore, the thermal stability of MWNT in the air was decreased with increasing AgNP attached to the nanotube surface by catalysing the oxidation temperature of MWNT. This is because Ag is an effective oxidation catalyst that can split oxygen molecules into atoms and these atoms can be lightly adsorbed onto MWNT surface. In addition, the AgNP could create sites for the oxidation of oncoming chemical compounds [21, 40] . This is in agreement with work done by Xin and Li, who discussed that the direct deposition of AgNP onto the CNT surface accelerates the decomposition of CNT more effectively compared to microsized Ag [11] .
Thermogravimetric Analysis.
The oxidation temperature is determined from the derivative thermogravimetric analysis (DTG) profiles, as shown in Figure 7 . The crystalline structure of MWNT shows a narrow oxidation peak within a temperature range of 500-550 ∘ C, whereas the oxidation of amorphous carbon in the MWNT occurs within a lower temperature range of 200-300 ∘ C [37] . The peak remaining between 800 and 900 ∘ C is due to the iron present in the pristine MWNT. The oxidation peaks of MWNT-Ag hybrids slightly shifted from 526 ∘ C to 544 ∘ C with increasing AgNP from 10 to 70 vol%, which is followed by a significant drop in the decomposition peaks. It shows that the MWNT-Ag hybrids decompose at a much faster rate and the weight loss decreased considerably due to the presence of AgNP. It can be seen that the breadth of the derivative peaks for MWNT-Ag hybrids also increases when compared to the pristine MWNT due to the increased defects on graphitic network of the nanotube [41] .
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-Characteristics. Figure 8 shows the current-voltage ( -) curves of the pristine MWNT and MWNT-Ag hybrids as a function of gate voltage ( g ). Such typical nonlinearcurves verify that the samples have a depletion mode that is similar to the behaviour of metal oxide semiconductor fieldeffect transistors (MOSFET) [42] . The -curve for all samples indicates that the drain current increases gradually with an increase in the gate voltage ( g ). The number of electrons increases in the channel above the threshold voltage ( th ) and, thus, the drain current increases rapidly with a minor increase in the drain voltage until it becomes saturated at the output voltage. The current at the maximum gate voltage is the "on" current. The semiconducting characteristics of all samples are ascertained by the dependence of the source-drain voltage on the gate voltage. The samples show p-type characteristics with FET configuration where the drain is lower than the source voltage by taking the source to drain voltage ( SD ) that is fixed at 10 V. It is suggested that doping the MWNT surface with AgNP could change its characteristics from p-type to n-type due to the occurrence of charge-transfer because the current flow only occurs through outermost of the nanotubes [43] . Thereby, the electrical transport of pristine MWNT is improved when charge carriers are doped in the MWNT-Ag hybrids. In this case, the -curves for MWNT-Ag hybrids were shifted at lower th with an increase in the volume fraction of AgNP. The th value for the MWNT-Ag hybrids with the highest loading of AgNP (70 vol%) is reduced by 65% relative to the pristine MWNT. It may claim that the doping of MWNT with increasing AgNP could change the tubetube contact resistance and improve conduction in the device. In such case, the th value decreases with increasing AgNP indicating a lower gate voltage than the pristine MWNT, but the current saturation is observed at about 0.75 mA for all samples. It suggests that the resistance of MWNT remains at 13 kΩ and changing the doping concentration of the AgNP did not easily change the semiconductor characteristics. Increasing the gate voltage turns the valence band of nanotubes closer to the source Fermi level. Once the tunnelling barrier for hole injection becomes thinner, the resulting drain current exponentially increases and becomes saturated when the charge starts to accumulate in the MWNT channel [13] . In fact, intrinsic tube properties dominate the electrical transport properties of the nanotubes, but electrical transport of MWNT in FET configuration is influenced by the Schottky barrier at the metal-nanotube contact interface [42, 44] .
Conclusion
In this study, the MWNT-Ag hybrids are synthesized by reducing aqueous silver salt in the presence of SDS as stabilizing agent to enhance the deposition of AgNP onto MWNT surface. The MWNT was functionalized through mild oxidation treatment based on sonicating the MWNT in HNO 3 followed by H 2 O 2 , in order to care for structural and electrical reinforcement of the MWNT-Ag hybrids. The findings of this study indicate that MWNT-Ag hybrids have enhanced the structural, thermal, and electrical characteristics of pristine MWNT. The FESEM and TEM images display morphology structure of the MWNT-Ag hybrids with increasing AgNP. The FTIR spectra show that interactions between the Ag cations and carboxyl groups result in the attachment of AgNP onto the MWNT through van der Waals forces and electrostatic interactions. The deposition of AgNP onto the MWNT surface results in broadening of the D-and G-bands that suggest the occurrence of charge-transfer between AgNP and sidewalls of the MWNT, which is enhanced by hydrophobic interaction with SDS molecules due to a substantial change in the electronic density state of the nanotubes. The G -band intensity also slightly increased due to enhanced metallicity of the nanotubes. Thermogravimetric analysis (TGA) shows that the MWNT-Ag hybrids decompose at a much faster rate and the weight loss decreased considerably due to the presence of AgNP. The electrical characteristics of MWNTAg hybrids obtained through this work can be enhanced via mild functionalization of the nanotubes by adding SDS as the surfactant. The nonlinearity of -curves indicates that electrical transport of pristine MWNT is enhanced when AgNP is induced as charge carriers in the MWNT-Ag hybrids. The th value for the MWNT doped with a maximum of 70 vol% of AgNP was substantially reduced by 65% relative to the pristine MWNT. Therefore, MWNT-Ag hybrids are promising materials to improve their electrical properties for FET applications with a low threshold voltage.
